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The National Institutes of Health's Mammalian Gene Collection (MGC) project was designed to generate and sequence a publicly accessible cDNA resource containing a complete open reading frame (ORF) for every human and mouse gene. The project initially used a random strategy to select clones from a large number of cDNA libraries from diverse tissues. Candidate clones were chosen based on 5Ј-EST sequences, and then fully sequenced to high accuracy and analyzed by algorithms developed for this project. Currently, more than 11,000 human and 10,000 mouse genes are represented in MGC by at least one clone with a full ORF. The random selection approach is now reaching a saturation point, and a transition to protocols targeted at the missing transcripts is now required to complete the mouse and human collections. Comparison of the sequence of the MGC clones to reference genome sequences reveals that most cDNA clones are of very high sequence quality, although it is likely that some cDNAs may carry missense variants as a consequence of experimental artifact, such as PCR, cloning, or reverse transcriptase errors. Recently, a rat cDNA component was added to the project, and ongoing frog (Xenopus) and zebrafish (Danio) cDNA projects were expanded to take advantage of the high-throughput MGC pipeline.
[Supplemental material is available online at www.genome.org. The sequence data for the full-length clones from this study have been submitted to GenBank under accession nos. The Human Genome Project has produced several valuable resources for future scientific research. However, our understanding of biological systems function is still in its infancy. Even the availability of the complete human genome (Lander et al. 2001; Venter et al. 2001 ; The International Human Genome Sequencing Consortium, in prep.) and advanced drafts of the mouse (Waterston et al. 2002) and rat (Gibbs et al. 2004) genomes are not sufficient to define all of the transcribed and coding regions, given the current limitations of gene-prediction algorithms and the variable quality of the EST resources.
The NIH Mammalian Gene Collection (MGC; http:// mgc.nci.nih.gov) program was established to provide a publicly accessible full-open reading frame (ORF) clone corresponding to each human and mouse protein-coding gene (Strausberg et al. 1999 ). The aim is to produce a community resource that consists of two components: (1) a set of clones that are publicly available without restriction and (2) the corresponding highly accurate cDNA sequence information submitted to the public nucleotide sequence databases. Other large-scale cDNA cloning efforts include two programs in Japan and one in Germany (Wiemann et al. 2001; Okazaki et al 2002; Ota et al 2004) .
This paper provides an update on the current status of the MGC. Owing to the success of the project to date, the goals have been expanded to include the generation of a full-ORF clone collection for the rat. In addition, the MGC protocols are being applied to assist two other ongoing projects to generate full-ORF clones for two frog (Xenopus) species and the zebrafish (Danio rerio).
RESULTS AND DISCUSSION

Status of the Human and Mouse Full-ORF cDNA Collections
The MGC project initially took a random EST-based strategy to obtain full-ORF clones. The current MGC collection derives from >110 human and 80 mouse cDNA libraries made from a wide variety of tissues, cell lines, and development stages using different construction methods and vectors (Strausberg et al. 2002b ; see http://mgc.nci.nih.gov for details). For each library, 5000-20,000 clones were sequenced at the 5Ј-end (5Ј-ESTs), and the sequences were clustered with all available data in dbEST using the UniGene algorithms ; http://www.ncbi. nlm.nih.gov/entrez/query.fcgi?db=unigene). Candidate full-ORF clones were selected for full-insert sequencing if they fulfilled one of three criteria: (1) the insert included sequence that was 5Ј to the starting methionine codon of a known gene; (2) the translated sequence was similar, but not identical to, the N terminus of a known protein; or (3) the 5Ј-sequence matched the statistical profile of the 5Ј-ends of known genes (Strausberg et al. 2002b ). The candidate clone for each gene was sequenced to high quality (no uncertain base calls and an average estimated error rate of <1 in 50,000 nucleotides).
Fully sequenced clones were analyzed to determine whether they contained a complete coding sequence (CDS). Clones were then further analyzed with a combination of translating searches against the nonredundant protein database and a statistical assessment of the nucleotide sequence. This assessment involved the determination of the presence of an in-frame upstream stop codon and a sequence related to a Kozak consensus preceding the ORF, and an analysis of the properties of the 3Ј-untranslated region (Strausberg et al. 2002b) . For known genes, that is, those in the RefSeq database (Pruitt et al. 2003 ; http://www.ncbi. nlm.nih.gov/RefSeq/) with a well-defined coding sequence, only clones in which the ORF comprised at least 50% or more of the 1 A complete list of authors appears at the end of this manuscript. longest known CDS were accepted into the MGC to avoid the preferential selection of splice forms corresponding to short products. Increasing the required ORF length to 80% of RefSeq would eliminate <2% of the clones (data not shown). The fully sequenced clones were also analyzed to eliminate those with potential frameshifts and chimeras. About 6% of the clones were found to have a frameshift, and 2% were chimeras. In instances of ambiguity and for genes without protein homologies, each clone was manually curated. These latter genes must have an ORF of at least 100 amino acids and cross at least one intron. These stringent requirements may mean that small, single-exon genes of unknown function were missed. If a clone failed any of the tests, another candidate was selected for sequencing. Only clones that were determined to be CDS-complete were submitted to GenBank with an MGC clone identifier (MGC:XXXXX) and the Entrez keyword "MGC," whereas clones with frameshifts have a "frameshift" in the definition line and do not have the MGC clone identifier. All clones are available as a part of the MGC project through the I.M.A.G.E. distributors (Lennon et al. 1996) .
As of March 2004, the MGC consisted of 11,298 human genes represented by 15,565 clones and 10,295 mouse genes represented by 12,974 clones (Table 1A) . Thus, the size of the mouse clone collection is rapidly approaching that of the human collection, even though the initial emphasis of the project was on obtaining clones of human origin. In addition, 1383 clones of short variants from 1102 human genes are also available through the I.M.A.G.E. distributors.
Status of Other Organism Collections
Based on the utility of these well-characterized human and mouse full-ORF clones and the desire on the part of the scientific community for full-ORF clone sets from additional organisms, the MGC recently expanded its scope to include the rat. In addition, the MGC pipeline is being used to support the generation of such clones from frog (see http://xgc.nci.nih.gov/Info/) and zebrafish (see http://zgc.nci.nih.gov/Info/). The goals and progress of these projects are summarized in Table 1B . Although they use the MGC infrastructure, each of these projects is managed separately (Klein et al. 2002; Rasooly et al. 2003) . The goals of all three differ from those of the human and mouse project inasmuch that they do not aim to capture clones representing all of the genes for these organisms. Based on the experience gained in generating the human and mouse collections, these more limited goals should be readily achievable by using the random selection protocols already developed and by the judicious use of 15-20 libraries derived from different developmental stages and tissues.
Analysis of the Human and Mouse Clones
The average ORF sizes in the collection are 1186 and 1299 nt for human and mouse, respectively. The sizes are smaller than the average RefSeq ORF sizes, which are 1607 nt for human and 1437 nt for mouse (L. Wagner, unpubl.) . The size difference suggests that the large ORFs are currently underrepresented in the MGC. The size distribution of MGC clones as compared with the RefSeqs can be found in Supplemental Material #1; it should be noted that the collection does include several clones with large CDS. In addition, the MGC is underrepresented in rare transcripts (Supplemental Material #2) as would be expected in a random transcript sampling approach. Ohara et al. (1997) generated size-selected cDNA libraries of 3-10 kb in length to clone large transcripts. To date, they isolated and fully sequenced 1954 cDNAs with an average ORF of 2905 nt.
There are 8412 human genes with mouse orthologs and 7808 mouse genes with human orthologs. For 5351 genes, clones from both organisms were obtained (Fig. 1) . As this overlap represents approximately two-thirds of each set, the clone selection protocol is apparently not biased in a major way toward selecting the same genes in both organisms. Because the mouse project included a fairly large number of early development cDNA libraries, which the human project did not, it could be expected that clones specific for embryonic stages would be enriched in the mouse collection. Interestingly, however, the genes for which clones have been obtained only in mouse but not human are neither more highly expressed in the embryo, nor enriched for embryo-specific expression (data not shown).
The set of human genes represented in the MGC collection was compared with the comprehensive, annotated, nonredundant set of genes in the RefSeq database (Pruitt et al. 2000) . RefSeq contains 11,233 entries of human genes that are considered to be biologically significant transcripts on the basis of two or more independent publications. The MGC includes a candidate for 9081 of these genes. This high frequency indicates that the random EST-based strategy has been highly successful in identifying full-ORF clones of known genes. In addition, a large number of previously uncharacterized full-ORF sequences, whose function is still unknown, have also been recovered. However, this approach has now reached a point of diminishing return for the human, and is reaching saturation for the mouse collection (Fig. 2) . Therefore, for these two organisms, the project must now shift to more directed strategies to obtain clones for the missing genes.
Two directed strategies were evaluated. The first was based on the determination of tissue expression distribution of the missing genes (data not shown). A normalized and subtracted cDNA library was made from a tissue, placenta, in which many of the missing genes were expressed. However, the resulting yield of clones representing them was too low to make this a practical approach. Specifically, out of 16,800 EST reads, the project identified 101 full-length clones for known genes (0.6%) for fulllength sequencing. In the second approach, gene-specific prim- The MGC Project Team ers were used to amplify the coding region of the transcripts from tissues in which they are expressed, followed by cloning of the PCR product into a cDNA vector and sequencing multiple candidates for each gene. Pilot studies indicate that between 50% and 80% of the missing genes can be recovered by this method (Baross et al. 2004; Wu et al. 2004) , although it is likely that a fraction will be difficult to obtain. In addition to the well-characterized transcripts, the MGC project will pursue two additional classes of missing genes. The first includes putative, computer-predicted genes for which there is some experimental evidence for the transcript's existence (such as one or more ESTs, or an uncharacterized cDNA generated through a large-scale project). The second class consists of ab initio gene predictions based solely on computational methods.
Validation of the Human and Mouse MGC Clones
The availability of the reference human genome sequence (Lander et al. 2001; Venter et al. 2001 ; The International Human Genome Sequencing Consortium, in prep.), an advance draft of the mouse genome sequence (Waterston et al. 2002) , and the rich reservoir of human ESTs and other clone sequences (Adams et al. 1991; Boguski et al. 1993; Williamson 1999; Brentani et al. 2003) provided an opportunity for more detailed analysis of the quality of the MGC clones. Comparison of the MGC clone sequences with the finished human genome sequence reveals differences at about 1 in every 1147 positions in the coding regions, a frequency of 0.00087. These differences could be due to biological reasons (e.g., natural variation, with an expected nucleotide sequence diversity of 0.00075; Bamshad and Wooding 2003) , posttranscriptional mRNA editing (Parks 2000; Schaub and Keller 2002; Anant et al. 2003) , or one or more experimental artifacts. Experimental artifacts could arise during growth of cells in tissue culture, RNA preparation, library generation (either by the lack of fidelity of the reverse transcriptase or the DNA polymerase), clone propagation, or sequencing of the cDNA or the genome. Because the sequence quality of the MGC clones is very high (a frequency of errors of <1 in 50,000 nt), sequence quality is not a dominant source of error. Of the observed differences with the human genome, 32% coincide with a variant recorded in the polymorphism database dbSNP (Sherry et al. 2001 ; http:// www.ncbi.nlm.nih.gov/SNP). As not all human variation is currently represented in dbSNP, there are undoubtedly other variants in the MGC clones that represent bona fide biological variation. Hence, we conclude that a significant fraction of the observed sequence difference between the MGC clones and the human reference sequence represents natural variation in the human population.
Using alignment of the cDNA sequences to the genome, two special cases were analyzed in which essentially all of the possible sequences should be known and, therefore, a significant level of novel variation would not be expected. Analysis of these cases should provide independent estimates of clone quality. The first involved the clones for HLA genes; because of the extent to which this locus has been previously studied, few new alleles should be found in the MGC. The sequence of 24 of the 28 MGC HLA clones coded for an amino acid composition corresponding to known polymorphisms, suggesting that at least 85% of the HLA MGC clones correspond to variations known to exist in the human population.
The second case represented a situation in which population polymorphism should be reduced to a very low level. Mouse MGC clones isolated from a nonnormalized, high-quality cDNA library made from the inbred strain C57BL6/J were compared with finished sequence from the same mouse strain. Here, 97% of the MGC clones aligned perfectly, with an estimated error rate of 1 in 77,000 nt. As this is on the order of the sequence accuracy itself, it implies that there are very few other types of errors in these MGC clones. However, other C57BL6/J libraries did not match the genome sequence as well. The discrepancy rate in clones from normalized libraries was 1 in 650 nt, and several 
libraries made by a protocol aimed to enrich for long, full-length clones had a total discrepancy rate of 1 in 253 nt. These data suggest that cDNA library synthesis protocols substantially affect the error rate of the final product (see below).
Another approach to human clone validation involved analysis of the nature of observed coding changes. Selective pressures on coding regions will disfavor polymorphisms that change an amino acid (nonsynonymous, or NS, changes). Hence, biologically valid variation in the MGC would be expected to show fewer NS changes than would artifactual changes of individual clones caused by PCR, cloning, or reverse transcriptase errors. If the nucleotide differences in the MGC clones were completely random with a 4:1 transition:transversion ratio, the nonsynonymous fraction ( f NS ) would be 0.71 (D. Lipman and L. Wagner, unpubl.). In fact, however, the f NS is 0.52, indicating that missense changes are, indeed, selected against. This should be compared, however, with the observed f NS of 0.43 for all coding SNPs in dbSNP that have been validated by testing in a panel of genomic DNA samples (S. Sherry and L. Wagner, unpubl.) . Assuming that the observed differences are a mixture of artifacts and polymorphisms leads to the simple formula: 0.52 = 0.71(artifact fraction) + 0.43(1 ‫מ‬ artifact fraction) Therefore, ∼32% of the nonsynonymous variants in the overall MGC were experimentally introduced.
In yet another approach to assessing the possibility that some of the observed differences in sequence between MGC clones and the reference human genome are of artifactual origin, the MGC cDNA sequences have also been compared with the partially completed sequence of the chimpanzee (Pan troglodytes; http://www.ncbi.nlm.nih.gov/mapview; http://www.ebi.ac.uk/ embl/indiex.html) genome to determine if any of the identified nucleotide differences match an ancestral allele. About 24% of the nonsynonymous cDNA alleles were found to match the Pan allele. In those instances, it can be concluded that the difference between the human cDNA and genomic sequence is likely to be a polymorphism (or, rarely, an error in the genome sequence), and therefore, those cDNAs are considered to be validated.
Sorting the human clones with NS coding changes by library provider identified one potential source of nucleotide differences. The results (Table 2) show that the library origin has a significant impact on the rate at which such differences were observed. Although this phenomenon was not investigated further, it is interesting to note that library maker #4, who had the highest sequence difference rate, used thermostabilized reverse transcriptase and performed subtraction and normalization protocols in which the second strand synthesis was done by a thermostable polymerase, whereas the other makers did not use either of these enzymes.
There are 1980 human genes that are represented only by a MGC clone that has at least one NS substitution compared with the reference genome, and the NS substitution is not present in dbSNP. The amino acid differences between the MGC-encoded proteins and the genome-encoded proteins can be assumed to be due to a mix of polymorphisms, cloning artifacts, and sequence errors. Actual sequencing errors are likely to be rare, and most of the cloning artifacts are likely to be in the MGC clones, because of the experimental parameters listed previously. When the differences to the human genome within the cDNA clones are compared with the corresponding Pan sequence, 20% of the MGC clones assessed fully agree with chimpanzee, and thus these are likely to represent true polymorphisms. But for a true polymorphism, the expectation is that the Pan sequence would match the cDNA and the genomic sequence with equal frequency. Therefore, by inference, an additional 20% of MGC cDNA clones probably carry NS changes that are biologically valid-although it is not possible to identify which clones these are. This leaves ∼1200 human genes in the MGC (10% of the total collection) for which the NS changes are likely due to experimental artifact. It should be noted that these same artifacts are likely to be found at some level in any collection of cDNAs, given the unavoidable nonzero error rates of thermostable polymerase, reverse transcriptase, and other components of the various protocols for generating fulllength cDNA clones.
The results in this section exemplify the challenge in determining the extent of the various biological and experimental contributions to the nucleotide differences found in the MGC clones as compared with the reference genomes. Each analysis used a different subset of the data, and, therefore, it is not possible to compare the results directly. In addition, for the human, rare polymorphisms are hard to determine, and the comparison to the ancestral genome is limited by the gaps in the latter. In the case of the mouse clones, only 14 libraries were made from the same strain as the genome sequence, and, therefore, the number of clones used in the analyses were not very large.
The variations discovered during the clone characterization analyses have made it imperative to include detailed annotation in each GenBank record for each MGC clone. Accordingly, every human clone record now includes the following: the identification of every nucleotide difference with the reference human sequence, the inferred amino acid changes, if any, and a dbSNP reference number if the variant is already documented. In the future, additional properties of the differences, including changes within conserved motifs and the presence of ancestral alleles, will be added as will the annotation of mouse records.
Gaining Access to the MGC Resources
Since its inception, the MGC project has developed several independent Web sites as well as provided data to other public resources. Major project-relevant Web sites can be found in Table 3 .
The MGC Web site (http://mgc.nci.nih.gov) provides information about the full-ORF clone collections for human, mouse, and rat. The number of full-ORF clones and nonredundant genes for each species is listed on the home page and is updated weekly. The main page also provides links to lists of candidate clones awaiting full-insert sequencing, all of the EST sequences generated for the MGC project, and descriptions of the vectors and methods used to construct MGC libraries. Complete lists and sequences of full-ORF MGC clones can also be downloaded for each species from this Web site. A user can search for a full-ORF clone using either the gene symbol or a keyword search. All fulllength clones are also available in NCBI's Entrez nucleotide da- The results from the aggregate collection are presented in row 1, and the results from the four major providers of human libraries are listed separately. f NS is the fraction of the discrepancies between the cDNA and the genomic sequence that are nonsynonymous at the amino acid level. The libraries are listed in the Supplemental Material (#3). 
gov).
All MGC full-ORF clones are available to all researchers for unencumbered use and can be purchased from several commercial I.M.A.G.E. distributors. The "where to buy" link on the MGC Web site allows users to directly access the Web sites of U.S. and worldwide distributors. In addition, most of the clones that were sequenced in the project, whether representing a full ORF or not, and that can be identified by their I.M.A.G.E. identifier, can be obtained from many of the same clone distributors.
Information about MGC clones in the context of the reference genome sequence can be obtained at the UCSC (University of California, Santa Cruz) Genome Browser (Kent et al. 2002; http://genome.ucsc.edu) . On the browser, a specific MGC track can be activated to visualize the location of MGC clones in the reference genome, and links from this track can show the alignment of the cDNA with the reference sequence. All of the search and visualization functionality of this browser can be used to identify genes with MGC clones and to provide additional information about the corresponding genes, including the gene's position in the genome, sequence variation, and sequence conservation with other genomes.
In conclusion, the MGC project has already generated a large, well-documented, and increasing useful collection of cDNA clones containing full-ORFs for human and mouse genes. Targeted methods to recover the missing cDNAs are under way. The project has recently been expanded include clones for another species, Rattus norvegicus, and comparable methods are being used to generate collections of genes for Xenopus laevis, Xenopus tropicalis, and Danio rerio.
METHODS cDNA Library Production
Descriptions of methods for the library construction can be found at the Web sites http://mgc.nci.nih.gov/Info/ (for human, mouse and rat), http://xgc.nci.nih.gov/Info/ (for X. laevis and X. tropicalis) and http://zgc.nci.nih.gov/Info/ (for D. rerio). The complete sequence for each of the MGC vectors is found at http:// image.llnl.gov/image/html/vectors.shtml. The catalog of the cDNA libraries resulting in full-length MGC clones can also be found at the Web sites.
Library Characterization, Screening, Selection of Full-ORF Candidate Clones, and Sequencing
The core methods have been previously described (Strausberg et al. 2002b) . Recent modifications to the pipeline include: (1) 3Ј-sequences are not generated, except in the Xenopus project, where ∼40% of the clones have 3Ј-reads; (2) 2000-5000 clones from each library are sequenced at the 5Ј-end, and if a library is deemed to be of a high quality, 5000 clones are added. The identification of clones for full-insert sequencing for Xenopus and Danio are based on one of the following criteria: a BLAST search against the well-characterized, complete mRNAs; the presence of a starting methionine and an alignment of at least 95% identity over at least 100 nt; or a translating BLAST search against proteins from organisms whose genomes have been sequenced requiring both a starting methionine and an alignment of the sequences with an e-value of at most 10
‫6מ‬
, except for the region at the protein's N terminus. This region is excepted because many distant homologs do not have well-conserved N termini and a clone may be a candidate for full-insert sequencing if the length of nonalignment is the same in X. laevis, X. tropicalis, or D. rerio cDNA and the orthologous protein(s). The selection of Rattus clones is the same as described for Xenopus and Danio, but requires the homology to the 5Ј-end as the rat and mouse have at least 93% homology (Makalowski and Boguski 1998) . The fulllength sequencing is performed by one of three methods as described (Strausberg et al. 2002b ) to an accuracy of less than 1 error per 50,000 nt. The GenBank accession nos. generated by the MGC project can be found in Supplemental material #4.
Determination of Nucleotide Differences
The sequences of all human and mouse MGC clones were aligned to the genome sequence of the organism of origin (NCBI build 34 for human and NCBI build 31 for mouse), and all discrepancies between MGC clones and genomic sequence were recorded. The best placement of each clone on the genomic sequence with canonical splice-site recognition was used. Within the ORF, all differences were identified as either synonymous or nonsynonymous by using the protein-coding sequence of the MGC clones. The differences, which correspond to known mRNA variations recorded in dbSNP v. 117 (http://www.ncbi.nlm.nih.gov/SNP/), were identified. Finally, alignments of human MGC clones to the P. troglodytes genome were generated to identify the ancestral alleles. The nonoverlapping local alignments of at least 98% identity to chimpanzee genomic contigs were used, because of the evolutionary distance and the unfinished status of the Pan genome.
genomes. Comparisons are performed in a progressive manner using the taxonomic tree to guide the process. Paralogous genes from the same species may be included in a HomoloGene group if they are closer to each other than to an outgroup species. The number of HomoloGene groups may include paralogous genes in addition to orthologous genes in 8% of the sets. 
